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SUMMARY 


A series <>l 1 I iglil l I'.sts were performed Id evaluate 1 lu* vortex wake 
charael or isl irs ot ,i J nj> 727 (R727-200) aircraft <) ti r i ii j* ronvciil ional .mi! 
t wo-segtnonl i I.S approaches. Twelve Mights of the IC/27, equipped with smoke 
generators for vortex marking, were flown wherein its vortex wake was 
intent ional I V encountered by a hear Jet model 2'i (l.R-2'1) or a Riper Twin 
Comanche (I’A-'iO) ; and its vortex location during landing approach was 
measured using a system of photo-theodolites. 

The tests showed that at a given separation distance there were no 
readily apparent differences in the upsets resulting from deliberate vortex 
encounters during the two types of approaches. Tinted mappings of the 
position of the landing configuration vortices showed that they tended to 
descend approximately 91 meters ( '500 feet) below the flight path of the 
R7.17. The flaps of the H727 have a dominant effect on the character of the 
trailed wake vortex. The clean wing produces a strong, concentrated vortex. 
As the l laps are lowered, the vertex system becomes more diffuse. Pilot 
opinion and roll acceleration data indicate that 4.5 nautical miles would he 
a minimum separation distance at which roll control could be maintained 
during parallel encounters of the H/27's landing configuration wake by small 
aircraft.. This minimum separation distance is generally in scale with 
results determined from previous tests of other aircraft using the same roll 
cunt m 1 c r i t or i a . 


INTRODUCTION 


Results oi NASA, l-'AA and airline flight tests and on-line evaluations 
■'1 twu-scgnenL approaches indicated this to he an operationally oflectivo 
means lor noise abatement (Reference 1, 2). However, because of the 
terminal area mixture of two-segment traffic with normal I I.S traffic, con- 
cern has been expressed that the wake vortex resulting from a two-segment 
ipproaoh ii'.iv present a problem to other aircraft, especially light general 
aviation aircr. Ml making a standard i i.S approach. The purpose ot this 
i'roi'.t i!'i w is to .assess the severity ol vortices trailing a tvpieal ttart'ow- 
b i * i ! v jet with .it I -I'li'tml ml engines on a two-segment approach and to assess 
the i- p act , ii anv, on existing, and/or proposed I l-'K separation standard:. 

A joint NAN.\/l'.\A Test Team was organ i zed to investigate wake 
I hi hu i etice ciit ract or i si i es associated with operation ot a Hoeing. 777 (!’./.’/) 
aitci ait dm inc enliven t i "U.a I and I wo-sog.r.ciit I I.S approaches. An Inter- 

'"'■•h A - a e- r - . -n t (!ut| - I A i l-WA 1 - UR 'i ) was i st ah I i died between NASA and 

AA on ,; cp | e: he r :'S, 1*1/ l. ,\ series "1 flight tests Were eondueted at 

! h\NA I’licat Re .i at eh Center during, the tire period ot 0. toher It, l‘»7'. 
t !>rou:-h Nova l>o|- 1 , in/ t, 

lo - ' ■ - l > i ■ i I I v< s U ( In a 1 1 I i v It t tests were , i •; I o I 1 1 iw. ( ■ i ) obtain 

• : s 1 it ‘li'.o old -pi. oil i t it i vo evaluations ot tin - upset t a ■pon-os o| two 


general .wia.in,, .1 i 1 (I--"' ><< ^ 1 I'-' . V"" 1 ' 1 1 

del ihernle .ll.n.inl ITS of II..- vortex Wake behind a tti . / ( I an. 1 ";• « c, 

f I gum L i on) during t w«, -segment and convent i oi.;i I .dies (most o! these 

were s i mu la l .-.I approaches a. high alt itn.UO, 0>> •‘'■•asum « I..- dr. I and iu-.- 
s i s fence of the Il7:>7's wake during two-segment and convent i «>na 
approaches, (e) measure Lin- effect *>f diliermt f lap def lrcl.ons , thrust 
sellings, .-to, on Ll.o wake rhara.l.-rist irs, and (d) .-on.,. arc- tin- vortex slu-d 
by the I5727 with those sited by oilier aircraft. 

This report describes the flip, III tests and lest o.|.i ! pim-nt , and present, 
the results of the study. 


Tl-'.ST A i Rf.UAPT AND KQl' Il’MKNT 

Wake Vortex Keneralor Aircraft 

The 15 7^ 7 was selected as the wake vortex general or aircraft because 1 1 
constitutes a large portion of the current air carrier serv.ee llrt-l, it 
expected to continue in airline service in sign,, tent numbe s we! 1 H 
the 1980's, and its vortex wake characteristic,, were not well documented . 

The at reraft was equipped with corvus oil smoke generators I .■» vo. l ‘‘ x 
marking. figure 1 is a photograph of the generating a, real t and >iP" - 
is a closcup pi, olograph of the vortex markers. ll.o aircrail s peit.nenl 
physical characteristics are contained in lablc 1. 

A ir/27->00 aircraft was leased iron failed Airlines. Ihe ait.ialt 
just beer used in a six-month operational High, evaluation o| a two- 
segment approach guidance system. The evaluation in, Iced f. , ■•'PP'oa. »■-. 
actual t A weather. The aircraft was equipped with noth a tw<>-scgmcnt 
approach avionics system and a digital data recording system. ho a Ud 
descriptions of the avionics and data systems are contained in . ei e, cm 
A DMK t ransmi t Ler/ant enna was co- 1 orated with the glic- s “1 H -in , nna a . 
l-ld wards A KB to provide information needed tor the t vo-s, -grunt joixan, .. 

Wake Vortex Probe A i rcr.-nt 


had 


i n 


A | ear .let Model :M (l.it- .H) aid Piper Iwin < be (PA-i") we.e «,-< 

to probe the 157 ’/'s wake. figures 5 ad -■ P"-.,,. Ph-t ”gr ,ple. C - 
a i re rat t respectively. P.eli, air, rail were , n a ru- -m -d l„ ' > • u. 


induced upset characteristics. !’■"< 
to-air tanging DMI using a beacon s-/ t c wn i • 
DMK range was displayed I >* the prel 
data systems. The IK-’' was equipp.-.l w 
anemometer which was nmitil ed on a : 
speed ;.nd aitg 1 <>l -at t acf and ' - i * ! ' 

(of measuring, til'- Velocities ill I ill- "I 


'.•mi t e:-.- 

the 


i : r. t a I t v.-e 

i . it cm i pp.-d v 

■: i 1 h ail 

t c". wh i 1 1| v 

■a ■ n. ..in t i d in the 

i;7 ’ : . 

a i r i i a 1 t ; ■ i 

lot , .aid 1 e> el d* d 

on lie 

w i l i i . tin 

. ;‘i IH J1 ( 1 1 * 1 t 

: i l • ■ 

i' ha. ■ in< 

lese pi 1 1 1 •'! * t 1 •’ 

Mu ait 

i;i i ..•! • . 

1 1 .< - a in ’ < -■ ■ 1 • ' I ' 

..-as n-.r. 


. i . ! . ! . i '■ i . ■ ' . i ■ 
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It should lu* noted Lhat the I.R-23 cunt ml system Is eijuipped ;it I he 
factory with autopilot, yaw damper, slick shaker and stick pusher. lor the 
purposes of tills test program, the autopilot and yaw damper were de- 
activated, Kor stall protection, the stick shaker and puslu-r remained 
active and were activated on occasion during tin* penetration pmhes. 

Table I presents the pertinent physical characteristics ni the !.K-;n 
and the PA-30. 


Supporting Aircraft 

A Lockheed F-104 military fighter aircraft was utilized to probe the 
B727's vortex prior to probes by the I.R-23 and PA- 30. These probes were 
performed as a safety precaution because calculations had indicated that the 
LR-23 and PA-30 might experience severe loads during the probes. The I'- 104 
probes showed that the calculations were too conservative and tin* tests were 
continued as planned. 

A Cessna 402-13 (C-402) aircraft was used for airborne meteorological 
surveys dtiring this flight. The instrument package for meteorological de- 
terminations consisted of an ambient air temperature sensor, a dew point 
hygrometer, a barometer, altimeter, airspeed indicators and an inertial 
navigation system used to provide geographical location and to derive local 
horizontal wind fields. An inertial subrange turbulence* meter (epsilon 
meter) was used to establish the levels of atmospheric turbulence. Altitude 
surveys we*' made for every flight condition. The* survey aircraft flew in 
the vicinity for all vortex probes and vortex mapping runs, in order to 
document tlu* atmospheric conditions. 

Photo chase aircraft were a North American T-28 and a Grumman 
flu] 1st ream. 


Wake Vortex Mapping. System 

A phoLo-l "need o I i Le vortex mapping, system was i it ilizcd to track tin* 
vortex as visualized by the smoke. Figure 3 presents the convent ional and 
two-segment approach geometries and points out 1 he location of the photo- 
theodolites. By placing, the photo-theodolites on both sides of tin* runway , 
the horizontal and vertical drift of the vortex could be determined. 


IT.ST MFSCKIPTION 


ilte test program is outlined in Table II. It consisted ol I.' I lights 
ol the 13727 vortex generator, (hiring which the probe .linr.ill were utilized 
to evaluate (I) vortex upset eharact «*r isl i cs l»v in-tiail probes and < .' ) wain 
vortex velocity bv cross-track probes. The < lew ot the i 11—1* 3 consisted ■>( ,i 
NASA pilot , -a IAA pilot and a NASA ( light test engineer. ‘I he > rew <*t the 
PA- id consisted ol two NASA pilots lor initial (lights. lmritic Inlet 


t 


1 1 | K ii(o tin* PA-'H) was ncwcil by a NASA )>M<>! an*l a I AA pilnt . IIh* wa:» 

flown by a United Airlines crew wll.ii NASA and IAA pilot obseiveis >>n hoard. 
Till' phot o-l lieodol | ( v system wan used In im n.-niiv the vortex position relative 
(o i ho l wo-seginon( and t-mwcnl Iona I approach paths during I and i nr. :i|> p r* . 
Meteorological information (winds, ( nrlni I once , humidity and temperature 
}>rad font s) was documented for oaoli lost Might oond i I ion, ns hip. I ho instin 
mon tod C-'i()2. 

A summary of t ho soparnl ion distanoos at wliirh data woro obtained 
dnri.il}' in-trail piuiot rat ions of tlm vortex wako ol tin- H727 s landinp, < on- 
f Lp.urat ion is shown in Tahlo 111. noiihorato in-trail wako onoountors were 
attempted for a larger range of distanoos; howovor , those at tempts wore not 
always successful duo to tho inhoront diffioulty in local inp, tho vortox 
core precisely in the diffused smoko trail. Tho information is r, rouped lor 
probes (a) in level flight at altitude (3,b r jK meters (12,000 ft.) m.s.l.), 
(b) for simulated 3 and 6 dop.ree approach descents at altitude, and (o) lor 
a limited sequence of low altitude approach runs. 

RfSIU.TS AND DISCUSSIONS 

In the following section, the flight test results are summarized. Tin 
vortex wake charaeterisl ies durinp, two-segment and conventional approaches 
are compared on the basis of upset responses for del iberale wake encounters 
by the probe aircraft, and vortex wake drift. The el feet ol I 1 ap coni initia- 
tion on the vortex wake is discussed. finally, a comparison is made of Mu- 
results of tills investigation with those from previous tests of other 
transport aircraft. 

1. Comparison of Vortex Wako Characteristics Coin-rated 
During Two-Segment and Conventional Approaches 

The vortex wake behind the 11727 in a landing configuration with 10° 
flaps was evaluated. Evaluations were made first in level flight, and then 
for both 3° and h° descending flight paths. The descending Might paths 
correspond to the conventional and the upper segment ol a l wo-segmen I 
approach, respectively. A time history of the probe ainrall response is 
presented for a typical encounter and the maximum d i st nil-., lines from all 
encounters are summarized. This is followed l»y a discussion of separation 
distances based on roll control criteria and pilot comments. 

I.car let Vortex C ncoiiti t is 


Typlc.il Response Dynamics.- figure:-, n.i and M> present a represent a- 
tive time history ol the’ I.K-.M response to an encounter with the Wi.'l wake 
2.7A3 meters (9 ,(100 It.) altitude during a simulated <> lauding approach 
fit,. hi path. Separation distance between the two air. rat t was / n antic. il 
miles at tin line of encounter. Tin- initial encounter . urr.-d at 1.2 
seconds .is indicated principal Iv bv large transient i e .pons s ol the ■ and 



sensor vanes, pin;: rapid gener.it ion uf p 1 1 rli and roll angular ;u er I oral ions 
with no change in 1 In* correspond I np. ronlrols. Additional man i lost a l ions of 
the vortex f low on this run were an abrupt 20 knot increase in indicated aii 
speed coincident, with an abrupt 0.1 g change in I ong i t ml i ua I acceleration. 

A second encounter occurred about 3.0 seconds later disturbing tin* airplane 
primarily in pitch. Recovery I nun these two encount ers was achieved alter 
l lie airplane had pitched down approximately I7 n I loin its initial pitch 
altitude and rolled to a ‘J0° lei t hank, using lull opposite aileron control 
to return to wings level attitude. I’rotection from slall tor the l.R-23 is 
provided by a stick shaker and pusher system. Stick pusher actuation was 
initiated at 0.8 seconds and again at 1.8 seconds, coni r i but I ng to 1 lie nose 
down pitch attitude change. A detailed analysis of the influence of these 
momentary stall conditions is contained in Appendix A. 

A summary observation from all the encounters is that, in general, the 
l.R-23 excursions were primarily about the roll and pitch axes, witli minor 
dutch-rol 1 d i star bailees . 

Maximum Disturbance Summary.- Maximum responses of the l.R-23 from 
deliberate encounters witli the B727 wake are summarized on Figures 7a and 
7b. They cover a separation range between the aircraft varying from 2.1 to 
3.3 nautical miles. These data were obtained during flight along 3° and 6° 
descending flight paths from either 3, 658 meters (12,000 ft.) or 1 , 524 
meters (5,000 ft.) initial altitude levels. The B727 flew a steady 
descending flight path (either 3° or 6°) while the l.R-23 probed the vortex 
wake of the B727. Therefore, the fiight patii of the probe aircraft varied 
about the nominal 3° or b° descending flight patii. Both aircraft (probe and 
generator) were in the landing configuration. Figures 8a and 8b present the 
same data as a function of vortex age rather than separation distance. This 
is done to facilitate analysis because vortex breakdown depends on its age 
rather than a separation distance; furthermore, separation distance varies 
with aircraft true airspeed. 

Tiie vortex wake encounters produced maximum roll angular accelerations 
of the I.R-23 as high as 3.0 rad/sec. ? . Angular accelerations in pitch ami 
yaw reached max imams of about one-half and one-tenth the roll acceleration 
respectively. Peak-to-peak linear acceleration oscillations up to a 
maximum of about 0.3 g laterally were measured and peak-to-peak normal 
acceleration oscillations reached about 1.5 g. Maximum hank angler exceeded 
45° in only one instance. Pitch attitude excursions, generally nose down, 
reached a maximum of 12°. The scatter in the data merely indicates that not 
ail encounters result tn large upsets or accelerations and the dynamics vary 
depending on entry angle, position, pilot control inputs, stability 
augmentation system inputs, and stick pusher inputs. One fart or, developed 
in Appendix A, illustrates that a relationship exists between (lit” severity 
of upset resulting from an encounter, and the conventional stall dynamics of 
the I.R-23. It is shown that sever i tv-ol -encount er is linked witli dee runs ‘ ng 
control power, as the angle of attack approaches stall values. 

Any possible el feel of alt itude on the sever i ly-uf-oncounl er was 
obscured because at t lie time ol these Might test measurements, atmospherii 


> 


( urbti I. 'tire, shown on liRuie <> , varied i mm nrj* Hp.lb !c I" ■" 1 1 1 1 " dr • 

but approached heavy I urbu 1 «■»«•.■ at I In* l«»w.-r .iltilmlo. Presumm}*. that in- 
.■rcascd I urbu 1 riKT won 1 <1 cause earlier attenuation ..I I ho wsko ( rel e . nice f, ) , 
loss severe onoounl or excursions «.l (ho prohi.iR ..iromtt would ho expo,-! od at 
lnwor all it tides, lor similar separation dislanoos. 

Comparison of t ho \ n and data, mon.su rod at liij’.h and low alliliulos. 
Indicates that tlioiv am no obvious d i f fcrcuces in encounter dynaml ■ s duo to 
tho }* I i d o path ani'.lo of llio I’.onorator aimralt. 

\ Roll Control Criteria for . Soparal. Jon Distance.- Uclorenoe S 
proposed a criterion for deterniiniiiR minimum safe- soparal ion bolnnd M 
aircraft us in}* a rolling moment control ratio for tho probe aircraft ami the 
cross weight of tho Renorat in,’ aircraft. The roll in,’ moment eontm ratio 
is tho measured vortex- i minced roll acceleration divided by the maximum 
available roll acceleration control. When this ratio exceeds one, roll 
control is lost. The roll ratio data for the encounters by the IT.-- wem 
calculated and are presented in fibres 10 and II as a function oi separation 
distance and vortex n,-o respectively over the separation rn.iRo^coverod . Ihe 
11727 flaps were deflected to the land in,* coni I Rural: i on - f - 10 • 

To obtain the maximum roll acceleration indueed by tin- vortex the 
measured values were adjusted for roll acceleration produced by any inOial 
aileron deflection which mnv have existed at tl.e time oi encounter. Maximum 
roll control power was derived from data measured dnrin,* a series o a.leion 


pulses. An average 


value of C, = .001 14 per decree was obtained from the 




pulse maneuvers and this was used to detetmine 


I*. 


tor each encounter. 


a 


max 


of 


1 11 - 


Usin,’ maximum encounter roll aceeieration c.p.al to maximum control 
power ratio as the criterion for minimum separation, it would appeal the 
present 3 nautical miles 1 KR 1 separat i on standard is just adec|uate lor this 
aircraft mmb 1 not ion . However, the test data covered a very small i anj’.e - 
separation distances, compared with previous llhllit tests us m,’ this 
criterion and any ,ml K .,.ents should he tempered by the add it tonal factors 
f t uetic I n,> min i mum separation distance as enumerated in rol ei ence and a., 
discussed in flu* follow in,* pilots comments. 

I.R-31 Probe Pilot Comments.- Observations made l>v NASA and l-AA 
while I I v i n,; the I.R-P1 prebe airplan.-, and , -.round obseivat ions bv the \.K-. 
pilot of low altitude over-f t i j'.hl s bv the Roiieiat . hr aucr.lt, pr.-lncd tin 

I ol lowinR comment s. 


"Calm ait and a 'llips-up' coni i Rural ion of (In- Relict at in,-, airplane 

presented the worst case to tl.e traililtR airplme. Willi the pass. 

of time, even in calm air, wake vortices dissipate. In- chat." to- 
istic break-up occurs as a I on,-. 1 1 ud i na I ratherin,*. .0 the v.-rlex, 
followed bv a radial expansion appear In,-, as a lan-.e deuchnut , and 

within approximate! v live or so seconds after that, dis-.,p., f- 

comp I cl e . 

Radar controlled 


(i 


r' r • >111 I In* p f 1 1 > ( point ol view, sale ; ; t ■ | . i r 1 1 ion must In* based on this 
worst ease tint ii other ellrrls ran In* adrqua rely measured .uni I akeii 
into .li'ioiiiit , The above described break-up and dissipul ion consist- 
ent lv happens bet ween a minute, and a minute and a hall, in tin* rase ot 
I lie \M2i. A soparal ion of two minutes should therefore provide salety 
as well as an adequate margin. Willi a typical approach speed oi l it) 
knots for (lie generating airplane, a separation distance of 4.’> 
nautical miles would assure vortex dissipation even in the worst case 
for the trail inp, airplane. 

2, Generating airplane I lap-def led ion was observed very clearly to pro- 
vide secondary vortices which tended to mingle with and speed the 
destruction of the primary whip, lip vortices in proportion to the 
amount of flap deflection. Penetration of the trail inp vortices pro- 
duced significantly less disturbance at 10° or more flap deflection 
compared to the flaps-up ronf igurat ion at equal vortex apes . There- 
fore, separation could be safely reduced somewhat (i.e., less than 
two minutes or 4 . b n.m.) if the pone rati up B727 were known to have at 
least 10° of flaps extended. However, where decelerntinp approaches 
are made at lesser flap deflection until tin* last two or three miles 
prior to touchdown, the reduced separation could not he considered 
appropriate, 

'). General: inp-ai rplane thrust was observed to have a sipnificant effect 
on vortex destruction. Kncounters behind Liu* B727 with 15° flaps 
extended, first, with approach power durinp a T° descent and then with 
climb power at the same speed and flap sett inp, showed a marked re- 
duction in vortex strength for the high-thrust condition. Thus, safe 
separation durinp climhoiit could be somewhat less than during approach. 
This same observation was made while penetratinp the wake of a C- r >A in 
a CV-990 in similar tests conducted in l l )7(). 

4. Atmospheric turbulence was observed (as is well known) to speed tile 
break-up of the tip vortices s i pn i I i cant I v , lead inp to the conclusion 
that safe separation could also be reduced durinp periods ol puslv 
wind or similar atmospheric instability, 

5. No sipnificant difference in aircraft upset and vortex wake dissipa- 
tion characteristics could be determined while probing the wake vortex 
of the penerator aircralt on either tin* f>° or i° descending, I light 
paths. Therefore, a separation distance which provides adequate 
margin when following, another aircralt on a conventional approach 
should also he acceptable when lot lowing that aircraft on a two- 
segment approach , " 


I’ipol' Twin Comanche Vortex l‘n < ‘ * u HI t et's 


I’A- 10 Maximum I • i s t or h .nice Summary.- I‘i; 
maximum absolute excursions. *>l the pertinent 
{■n in t els with the li/.’/ wake. I i purrs 1 fa and 


.■lire; 1 Pa and I ’h present the 
in inert ore tor the PA- ni- 
1 fl* present I hi- 'Ml:;e Upset 


informal- Inn In l o nun of vor. ex age ratlur Ilian separation «l i :: I -m.i-:; . in 
junior a l , I lie PA-30 excursions art* similar In character In those nl ( In- l.ll-'.M. 
Tim att It lido tic vial ions of l lie l’A-30 arc larger, which would In* per ! t-d as 
a result ill its lower velocity and lip, liter w I nr, load inf.. Deviations in yaw 
were on the order of seven times greater and pitch about two times great or 
for the PA- 30 . The PA-30 data cover a somewhat larger raiif.e of separal i «>n 
cl i stances than the I.R-23 data. No consistent differences can !>e ohserved 
for the encounter upsets result Inf, from the different l'1 if, lit paths. 


PA-30 Roll. Control Criteria for Separation Distance . - The ratio ot 
tlie maximum vortex induced rolling accelerations to roll control powei l oi 
the PA- TO flyinp, at 100 KTAS, during several encounters are shown ie 
Figures \A and 15 plotted as functions of separation distance and vortex age 
respectively. The 11727 was in the landing configuration (30° flaps, gear 
down) for all tliese encounters. The induced accelerations have been 
adjusted for control input in Lho same manner as the I.K-2T data. Maximum 
available roll control power was determined by measuring the roll accelera- 
tions resulting from sharp aileron pulses and was found to be approximately 
= .00088 per degree. Tliese data show the ratio of vortex induced roll 


acceleration to roll control power is still greater than one at separation 
distance in excess of k nautical miles. 


PA- 30 Probe Pilot Comments.- Observations made by a NASA pilot while 
flying tlie PA-30 Twin Comanche during deliberate wake vortex encounters at 
varying distances behind a Boeing 727-200 produced the following comments. 

"During all probes made by the PA-30, the 1*727 was in a landing con- 
figuration with 30° of flap and gear down. The vortex wake appeared 
to descend below the B727 about 76.2 meters (250 feet). All probes 
of the wake by the PA-30 were made from an in-trail position. 

Attempts were made to probe from above and below the wake. The 
majority of the probes of the wake were made from below the wake. 
Successful probes were made Irom between two and five nautical miles. 

To evaluate the upset of the PA- 30 by the wake, T used the following 
cri ter la: 


|. if tile type of upset encountered could cause a break oil ol 
an 1 1.8 approach, it was considered severe. 

2. If the bank angle exceeded 30° before the airplane roll could 
be controlled, this was considered a severe upset. 

3, If normal accelerations excursions of '1.0 g's were en- 
countered, tills was considered a severe unset. 


0„ the first two flights witli the PA-30 I let l lie airplane respond to 
the wake by neutralizing controls. On the last two Mights 1 tried to 
control the airplane at all times. During these last two flights, on 


8 


several orens i nun , full aiteron and rudder nmi ini wore used in 
at t :emp4-H to control I In* a i rpl ane during upsets. 

Severe upsets were neeas iona I I y oneounlered l>v the I’A- 10 .it 0 i st .ut> es 
of up to four nautical in II os behind t lio It/77. However, most of l lie 
tinio only light to moderate t iirlm lonoo was I omul in tin- vortex wako at 
distances greater Ilian two miles behind the 1177.7. It appeared as 
though there were patches of high energy wake behind I lie B/77. li the 
PA-30 got into one of these, the upset was severe. II nut, the upset 
was like flying in light to moderate atmospheric turbulence. It should 
be pointed out, however, that 1 never could be sure what part ol the 
wake 1 encountered. When the PA- 30 got a severe upset there was 
usually some very sharp normal acceleration changes I ol lowed by an un- 
controllable rolling motion. based on Hu; results of these Lcsts, 1 
would not want to fly the PA- 30 at separation distances closer than 
4.5 nautical miles during approach to landing, behind a landing 
configured B727 type airplane." 

Vortex Drift Characteristics 

Figure 16a through 1 6 f present the vertical position of the B727 
vortex wake versus distance behind the aircraft for two conventional 
approaches (figures 1 ha and b) , two two-segment approaches (figures 10c and 
d), and two take-off maneuvers (figures 16o and f). A review of these data 
shows that the vortices tend to settle to something of the order of VI. 4 
meters (300 feet) below the B727's riight path and then stop descending. 
Longer persistence of the smoke-marked vortex for the take-off configuration 
(15° flaps) allowed data to be taken for greater distances than during the 
landing approaches (30° flaps). It should not he concluded that the lack <>i 
vortex "track" indicates a lack of vortex existence. To the contrary, the 
PA- 30 upsets shown in figure 14 verify that the vortex did exist behind the 
H727 to distances in excess of four nautical miles (note that the flagged 
symbols on figure 14 are encounters at low altitude that were performed on 
an actual approach)* 

(!iven then that the vortex tends to settle and that it could exist lor 
distances in excess of four nautical miles behind the generating ai remit, 
the simplified geometric analysis presented in figure 17 can he perlnrmed. 
This analysis assumes a reasonable extrapolation of the wake settling, data 
(for the vertical plane) presented in I igure H>, and thereby indicates that 
the 11727's vortex would be something of the order oi VI. 4 meters (MU loot) 
below its flight path at. a separation distance of three miles. Tie vertex 
then superimposed on the .approach geometries would indicate that an en- 
counter by an aircraft on a conventional approach following, an a i remit "ii a 
two-segment, approach might occur somewhere prior to the "two-segment knee, 
at an altitude on the order of 24 1.8 meters (800 loci). I.valuaf ing the 
possibilities ol a wake encounter when both air. rail are living. > con- 
ventional approach it can ho seen (tial it a lead a i remit is right on 
g I i depot h" or slightly hi git and an ai remit lot lowing, at three miles is low 
on the glidepalh beam, an encounter could occur. Ilowevet , these 


J 


cneounters would likely occur at a higher altitude' than 
llit- two-segment approach . 


lilt’ one predicted 


for 


Tlu- question of the relative difference of the probability of en- 
counter for the two types of approach profiles cannot be answered from this 
flight Lest. However, the data of this test should be of value for use in 
such a detailed analysis. The vortex location data for all the runs 
obtained during the tests (14) are presented in Appendix B. Figures Bla 
through Bln present the location as a function of distance behind the B727 
generating aircraft. Figures B2a through B2n present the location data as a 
function of time after the B727 passage. Many other variables must be 
considered in a probability analysis including items such as statistical 
data on flight path control error, guidance system errors, wind shears, 
atmospheric turbulence, etc. 


11. Kffeet of Generator Aircraft Flap Configuration 

This section covers the effect of generator aircraft flap setting on 
the wake vortices. These effects are discussed in terms of (a) visual 
observations of the differences in the smoke-marked vortices, and (b) probe 
aircraft response as a function of flap setting. 

Visual Observations 


One significant observation of the program was that wing flap ex- 
tension on the B727 aircraft had a pronounced effect on the characteristics 
and persistence of the trailing vortex system. With no flap extension 
("clean configuration") the vortex, as visualized by the smoke, was small in 
diameter, approximately 0.61 meters (2 feet), and retained a well defined 
structure to a distance of approximately eight nautical miles behind the 
aircraft in smooth air at 1,658 meters (12,000 feet) altitude. This 
corresponded to a vortex age of approximately 1 20 seconds. Probes of this 
clean configuration vortex system ted to the qualitative assessment that 
these vortices produced large upsets of the probing aircraft (LR-23 and 
F-104) at separation distances of six to seven nautical miles, figure 
presents a photograph of the "clean configuration" B727 vortex. 

Figures l'Ja and 19b present a photograph of the B727 with the flaps 
extended to the landing configuration (50°). In this configuration an 
interaction of the flap vertices with the wing-lip vortices creates a vertex 
system that was much larger in diameter than that of the vertex system 
associated with the clean configuration. This interaction appears to occur 
within a few span lengths behind the wing. One effect of this interaction 
was that it tended to diffuse the vertex-marking smoke. With the smokers 
operating with peak-performance, probe pilots could discern vortex-mar : ng 
smoke at approximately three to four nautical miles behind the landing 
configured B/27. 

Figures 20 through 22 show the effect of airetafi flap eon I igu rat ion 
on vortex persistence. These photos were taken during low altitude 
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fly-overs In .smooth morning air. Figures 20a through 2()o present photo- 
graphs taken at five second time intervals of the 15727's vortex with Lhe 
clean wing. A review of the figures shows that vortex bursting starts to 
ocGur at 55 seconds of age, and that complete vortex breakdown has occurred 
by 70 seconds. 

Figures 21a through 21p present the same information for the take-off 
configuration (15° flaps) of the 15727. The mode of breakdown appears to be 
viscous decay occurring at 75 seconds. Data for this configuration 
illustrate the possible wake encounter hazard for a small aircraft during 
climbout after take-off. 

Figures 22a through 22h present the landing configuration 
persistence. It is interesting to note that the vortex system 10 seconds 
behind the aircraft has begun to take on a "ragged" appearance as compared 
to the previous configurations. However, at later times the vortex appears 
to regain a smooth appearance until at AO seconds, the vortex became in- 
visible to the photographer. This disappearance of the 30° flap configura- 
tion vortex before any onset of breakdown is obviously a result of the smoke 
becoming so diffuse that it can no longer mark the vortex. The diffusion 
is caused by the effect shown in figure 19 wherein the smoke entrained in 
the tip vortex appears to wrap around the flap vortex, thereby diffusing the 
smoke. 


The fact that the landing configuration vortex smoke was diffusing 
prior to vortex breakdown created operational problems throughout the flight 
test. Lack of vortex visibility made the vortex encounters for this con- 
figuration difficult to achieve, limited the vortex drift measurements and 
eliminated a visual measurement of vortex persistence. 


Aircraft Response Data 

Figures 23a and 23b present a summary of maximum response of the Lear 
Jet to encounter with the 15727 wake for two flap configurations during level 
flight tests near the nominal 3,658 meter (12,000 feet) altitude. Shown are 
comparisons between the wake generated from the landing-flaps configuration 
versus the clean-wing configuration, in terms of the Lear Jet response. The 
sever L ty-of —encounter behind the clean configuration was roughly equivalent 
to the landing flaps data at over twice the separation distance. Figures 
24a and 24b present the same data versus vortex age. The upset response 
data indicate, that the vortex wake for the clean configuration persisted for 
a longer time by a factor of 2.5 to 3.0, considering the difference in 15727 
speeds in the two configurations. In addition, those comparisons illustrate 
tiie effect of the vortex characteristics shown in figures 20 and 22 ill terms 
of the upsets i ml need by the vortex. 


til. Comparison With Previous Data 
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comparison of the landing-configured Hoeing, 777 wake 
roni these tests was made with data from previous trs 


vortex data ob- 
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in reference '1. As discussed earlier, I hr criteria used i"> this 
was tin* nirasurr of flu* ratio of roll d i I n than, r to roll control . .1 k ».n» i 1 1 I v . 
Tho distances where this ratio heroines one are plotted in lipnfe > fm 
various average gross weights. Tin- pilot opinions oi minimum separation 
d i stances are also plotted. Perhaps the most i gn i f i rani aspeet ol 1 he 
pilot ronnnen t.s from the subject lest is that pilots of both aireralt agree 
th.iL A.!) limit leal, miles would he the in ini mum separation distanre that they 
would drum satisfactory for an operational encounter of the Ltmling- 
con figured B727‘s vortex. This agrees willt the roll eonlrol eri Leila data 
of A. 5 nautical miles for the PA- 30. Although the limited amount ol I.K-'.H 
roll control criteria data indicates that. 5 nautical miles appear to he just 
adequate for I.R-23/B727 combination, the I.K-23 pilots stated that 4 . 5 
nautical miles should "provide safety as well as an adequate margin. 

Figure 25 presents a relatively eomptete set of data for the deter- 
mination of minimum separation distances for various generating and en- 
countering aircraft combination. In general, the I igure show'.', good 
correlation of the 11727 results with those of oilier aireralt. The future 
then would lead to the conclusion that the gross weight of the vortex 
generating aircraft is a dominant factor affecting separation distance. 


CONCLUSIONS 


Based on a limited number of del ibe**ate penetrat ions ol the B7.’7 
landing configuration (30° flaps)' wake vortex, there were no readily 
apparent differences i.n the upsets resulting from two-segment and 
conventional approach paths. 

The vortices from the 11727 tend to settle to approximately 100 feet 
below the flight paLh of the aircraft and then stop descending. 

NASA and FAA pilot opinion and roll acceleration data indicate that 
4.5 nautical miles would be a minimum separation distance at which 
roll control could be maintained during parallel encounters oi the 
H72 7 * ss landing configuration vortex wake by small aircraft. Ihis 
minimum separation distance is generally in scale witli results 
determined from previous tests of other aireralt using the same roll 
control criteria. 


Based on an analysis of the I.R-2 1 data, it appeals that stall 
aerodynamics can contribute significantly >" tht ‘ severity ol upset 
resulting from an encounter. 


H727 flap ronl t};m*:it 
I Ik* :i i rrrnl t . Tin* c 
vortex ron*, As Liu? 
irniri* d M f uso and m? 


Ion lias a di*f i n i 1 1 * el feet on | lu* vnrLex shod 
loan wiiif* results in a ronoenl rat ed , woll-dot 
flaps are lowered the varies tends to heroine 
ati's 1 ess of an upset on an enemmt er inp, a I re 


by 
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LAKEBED VORTEX MAPPING MEASUREMENTS tGEN. * wake vortex generator 
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TABLE II - FLIGHT-TEST INVESTIGATION OF WAKE TURBULENCE BEHIND 1,727 - Continued 



T\1 TELEMETERED DATA 
RADAR RADAR TRACKING 

LAKEBED VORTEX MAPPING MEASUREMENTS 
NOISE MEAS NOISE MEASUREMENT 
ECHO 2 GROUND BASED PHOTOGRAPHY 





TABLE II - FLIGHT-TEST INVESTIGATION OF WAKE TURBULENCE BEHIND B727 - Continued 
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D SMOKE OBSERVATIONS 


TABLE II - FLIGHT-TEST INVESTIGATION OF WAKE TURBULENCE BEHIND B727 - Concluded 



SEPARATION DISTANCES AT WHICH UPSET RESPONSE DATA WERE OBI/ 
B72? CONFIGURATION: LANDING FLAPS (30°) 
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AN'KNUIX A 


.let II i gh Angle of Attack Response to Vmilct'H 

As noted during l lie discussion ol figure A, the 1.R-2J is protected 
from stall by a stick shaker and pusher system. The system utilizes ankle 
of attack vanes mounted on opposite sides of the forward fuselage to sense 
incipient aerodynamic stall, and acts through the autopilot to supply a low 
frequency buffet signal to Ibe pilot ill rough the control stick, followed ny 
a command through the elevator control for an aircraft nose down alt nude 
change . 

The pilots noted stick shaker actuation during a number of encounters. 
Subsequent inspection of the airplane response data also revealed indica- 
tions of stick pusher actuation which were consistent with high angle of 
attack measurements from the nose boom angle of attack sensor. In illus- 
trate the significance of these bigh-angle-of-attaek indications, figure A- I , 
reproduced from Reference 4, shows pertinent stall characteristics of the 
LR-23. Angle of attack for maximum lift is near 1 i° to IS , depending on 
flap deflection. At stall, ro 1 1 i tig moment s equal lull aileron power, and 
side forces equivalent to about oiu-hal I rudder power, may he produced. 

Severe tail buffet, followed hv elevator hinge moment reversal, is a 
further characteristic of the aircraft at maximum angle of attack. 

Maximum angle of attack, as measured hv sensors on the nose boom, f »r 
each encounter during the landing approach tests is summarized in figure A-2 . 
The data are plotted versus separation distance lor convenience. Stick 
pusher actuation was noted on the response data for all points plotted at or 
above 12° angle of attack, indicating the fuselage angle of attack vanes 
were sensing flow angles consistent with the nose boom angle ol attack 
measurement. Trim angle of attack for the landing approach Might condition 
was about to 8" , and detailed examination of the response data strongly 

suggests the rapid buildup to high indicated angles of attacK was due to 
vortex velocitv gradients is tlu- airplane entered the 15727 wake. 

I’.ased on the wind tunnel data of figure A-1, t lie high indicated angles 
,1 attack were sufficient to produce a moment arv stall condition, whiih 
su-cests a possible amhiguilv irgardlng the airplane excursions following 
, he wake encouuler. The excursions could he- generated hv t wo i nsepa rah 1 c 
effects; nanctv, asymmetric changes in the aerodynamic load distribution, 
or the normal reduction in living qualities near stall. 

Additional significance of the an •. I .-ol - at l a.-k ell eel on the encounter 
dvt.anics is shown on the next two ligures, in terms M control power 
required to o'miiM I he angular aeee 1 el a l i ons generated hv the wake . 

A- 5 presents the I.R-.M lateral control derivative C, versus, angle "I 

■ \ 

Also diown lor comparison are t he landing appioaeh Micht date, 


rof|u i red in balance (lie 


converted point-by-pnint to an e<pi i va 1 mil C. 

"a 

measured maximum roll nceel ernl I on with full aileron. Tin* data an* plotted 
at maximum angle of attack fur each encounter. In general, Ibis figure 
presents a picture of increasing severity of encounter linked with de- 
creasing control power, as angle of attack increases toward the stall. 

A similar comparison of elevator control power versus flu: measured 
pitch excursions is presented in Figure A-4 . Here also the t rend is toward 
larger pitching accelerations, approaching maximum control authority, at the 
higher angles of attack. 

In summary, it may be postulated from the foregoing material, that 
velocity gradients in the 13727 wake at spaclngs used for current operations 
are of sufficient magnitude to produce a momentary stall environment for 
the LR-23. In addition, the excursions that result may derive from a 
combination of factors more complex than simple asymmetric span loading 
changes on the wing. 
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Vortex. I, oe.it ton Mapping Data 


As staled earlier, the relative difference ol the prohah i 1 i l y ol wake 
vortex encounter for the two types of approach profiles cannot lie answered 
lust from this flight test. Additional In! nrmal ion would he required to do 
this All of the vortex location data from this flight test are included in 
order to aid such a probability analysis. The vortex mapping system was 
described earlier and the tracking stations are shown in figure ). Hu 
vortex location data for the 14 mapping runs are presented. The data were 
obtained for five conventional approaches, five two-segment approaches to 
runway 22, and four take-off and climb-out cases using runway 04. Hie 
horizontal and vertical location of a cross section element of one of the 
vortex pairs is plotted for each of the four stations as a function both of 
(1) time after station passage, and (2) distance of the vortex element 
behind the 15727 aircraft. The data were measured ns a function of time, ant 
calculated ground speed of the 15727 was used to convert from lime to 
distance in nautical miles. The figures are arranged as follows: 
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(c) Convent ion.'il approach; flaps = 30°; airspeed = 145 kts. ; 
weight = 68,000 kg. (150,000 lbs.); winds * 230° at 
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rigure B-l.- Continued. 
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(f) Two-segment approach; flaps = 10°; .airspeed = 138 kts.; 
weight = 69,000 kg. (151,500 lbs.); winds = calm; 
turbulence = smooth 

Figure B-l.- Continued. 
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HORIZONTAL DRIFT 



600 <- 


400 h 


± 200 
QC 

o 


Z 

o 

^ -200 

cc 

o 

X -400 


-600 



-100 


OC 

a 

_i 

< 

o 

K 

0C 

w 

> 


-200 


-300 





(e) Convent ion;)] approach; f aps = 'if)° ; airspeed = !■'*') kts.; 
weight = ft 7 ,000 kg. (lAR.OOO lbs.); winds - 2 10° at 
8 kts,; t urbulence = 1 I slit -modern t e 


I- I pure B- 2 .- Continued. 
I 2 1 


HORIZONTAL DRIFT. 








600 


400 


200 


tr 

O 


2 

O 

N -200 

E 

0 

1 -400 


-600 



°r 


E 

£ -100 


cc 

o 

< 

u 

t— 

oc 

Ui 

> 


-200 


-300 



(}0 Two-fU’umtMH .ippm.-irh; flops ~ 30"; nlrspoed - 
weight = 67,000 kg. (148,000 Ihs.); winds 
17 kts,; turbulenee - I i ght -!i.o<lrr.it <• 


4 4 kts. ; 
7 40' .m 


figure li-7 . - font liincd. 


HORIZONTAL DRIFT, 







600 


2000 


E 


cc 

o 


< 

h 

z 

o 


N 

CC 


o 

X 


400 

200 


-200 

-400 

-600 



-100 


E 

u. 

cc 

Q 

< 

O 

£ -200 
UJ 
> 


-300 



(i) Two-st'i’mcnt approach; flap 
weight = f> r ), r )00 kp. ( 1 -t 
9 kt s . ; t nrhn t once* - l i 

Kip.iirt* 

1 


S 


_1 I I I I 

30 40 50 60 70 

TIME, sec 


! , 1 

l 1 

MAPPING 

STATION 

SYMBOLS 

1 

+ 

2 

X 

3 

□ 

4 

1 1 ! 

O 

i J 

30 40 50 

60 70 

TIME, sec 


s = i<>° ; i i rspi-rd ■ 

t v» kt s. : 

4, (IDO 1 Ijs . ) ; winds 

• iV ,n 

ph t -ni'di-r.t ( c 



lli’iit i tilled 



horizontal DRIFT, 




VERTICAL DRIFT, nn HORIZONTAL DRIFT, 




HORIZONTAL DRIFT, 






HORIZONTAL DRIFT, 



VERTICAL DRIFT, m HORIZONTAL DRIFT, ft 



TIME, sec 



(n) Taken! I ; Maps IS"; airspeed ;’<)') k ( s . ; veij-.ht ' 

raj, onn k>*. (I r i r >,nnn lbs.); winds inn" at '> kts, ; 

t m ini | enee '• 1 i phi 


I’ipnt e I ’ - — Ci'lti' 1 tided , 

1 m 


f . 



